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NATIONAL AEBONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-4 

L"CE OF SHAFT DEFLECTION AND SURFACE ROUGHNESS ON 
c 

LOAD-CARRYLNG CAPACITY O F  PLAIN JOURNAL BEARINGS 

By F. H. Raven andR.  L. Wehe 

SUMMARY 

Shaf t  d e f l e c t i o n  i s  one of t h e  many f a c t o r s  known t o  l i m i t  t h e  l o a d  

This deflectAon produces an  ad- 
capac i ty  of  f u l l  j o u r n a l  bea r ings  t o  magnitudes less than  t h e  i n f i n i t e  
value p r e d i c t e d  by hydrodynamic theory.  
ve r se  alinement of  j ou rna l  and bea r ing  t h a t  causes  metal con tac t  at t h e  
bea r ing  ends and subsequent f a i l u r e  by se izure .  The a n a l y s i s  presented  

a bea r ing  wi th  f lex ib le  shaf t  may be predic ted  t o  a reasonable  o rde r  of 
magnitude. Shaft d e f l e c t i o n  and roughness of t h e  bea r ing  su r faces  are 
shown t o  be f a c t o r s  of f i r s t - o r d e r  importance i n  l i m i t i n g  t h e  load  ca- 
p a c i t i e s  of  bea r ings .  
shown t h a t  t h e  optimum length-diameter  r a t i o  of a bea r ing  i s  reasonably 
p r e d i c t a b l e .  

4 here in ,  t o g e t h e r  wi th  experimental  da t a ,  shows t h a t  t h e  load  capac i ty  of 

* 

On t h e  basis of the c r i te r ia  presented,  it i s  

INTRODUCTION 

The purpose of t h i s  r e p o r t  i s  t o  se t  f o r t h  a c r i t e r i o n  t h a t  inc ludes  
s h a f t  d e f l e c t i o n  f o r  e s t ima t ing  t h e  maximum load  capac i ty  of f u l l  j o u r n a l  
bea r ings .  Hydrodynamic theory f o r  journa l  bea r ings  p r e d i c t s  an i n f i n i t e  
l oad  capac i ty  as t h e  o i l  f i l m  t h i ckness  approaches zero.  Eowever, ana- 
l y t i c a l  approximations i n  t h i s  theory  do not  inc lude  t h e  e f f e c t  of elas- 
t i c  d e f l e c t i o n  of t h e  j o u r n a l  t h a t  becomes of  t h e  o rde r  of magnitude of 
t h e  f i l m  t h i ckness  as t h e  load  increases .  

In heav i ly  loaded bear ings ,  me ta l l i c  contac t  of  the ;journal and 
bea r ing  occurs  at some l o c a l  po in t ,  usua l ly  at t h e  ends of a bear ing ,  be- 
cause of e l a s t i c  d e f l e c t i o n  of the shaft. 
ca ses  of the a t t i t ude  of a d e f l e c t e d  shaf t  i n  t h e  bear ing ,  one be ing  a 
c e n t r a l  b e a r i n g  where t h e  curva ture  of the j o u r n a l  causes  a reduced f i l m  
t h i ckness  at t h e  two ends of the  bear ing,  and t h e  o t h e r  be ing  an  end 
bea r ing  where t h e  s lope  of t h e  def lec ted  s h a f t  causes  a qeduced f i l m  a t  
t h e  inboard  end of t h e  bear ing.  

F igure  l shows two t y p i c a l  
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According t o  hydrodynamic theory ,  an i d e a l l y  s t r a i g h t  sha f t  under 
l o a d  is d i sp laced  i n  t h e  bea r ing  c l ea rance  as shown i n  f i g u r e  2. The 
hydrodynamic displacement e i s  i n  a d i r e c t i o n  g iven  by t h e  a t t i t u d e  
angle  
bear ing  l e n g t h  i s  p a r a l l e l  t o  t h e  d i r e c t i o n  of  t h e  load  such t h a t  t h e  
a t t i t u d e  angle  cpE at t h e  end of t h e  bea r ing  i s  less than  cp.  

cp;  b u t  f o r  a f lex ib le  s h a f t  t h e  e l a s t i c  d e f l e c t i o n  wi th in  t h e  

F a i l u r e  does not  n e c e s s a r i l y  occur  when l o c a l  m e t a l l i c  con tac t  be-  
tween t h e  j o u r n a l  and bea r ing  f irst  takes p lace .  
fo rmab i l i t y  of c e r t a i n  bea r ing  materials, bear ings  t h a t  have been ca re -  
f u l l y  run  i n  may ope ra t e  s a t i s f a c t o r i l y  even though m e t a l l i c  con tac t  
geometr ical ly  appears  t o  ex i s t  over some l eng th  
t h e  bear ing  as shown i n  f i g u r e  3. 
hea t ing  effects,  i nc reases  i n  2 '  give  inc reases  i n  mean e c c e n t r i c i t y  
r a t i o  and corresponding inc reases  i n  hydrodynamic load  capac i ty .  

Because of the con- 

2 '  near  t h e  ends of 
As run- in  proceeds wi th  only l o c a l  

It should be noted t h a t  t h e  misa l in ing  e f f e c t  of t h e  s lope  of t h e  
e l a s t i c  curve of a f l e x i b l e  s h a f t  i n  an end bea r ing  could be e l imina ted  
by e i t h e r  a s e l f - a l i n i n g  bea r ing  support  or by matching t h e  e las t ic  
s lope  of t h e  bea r ing  mounting wi th  t h a t  of t h e  s h a f t .  The purpose of 
t h i s  r epor t  i s  t o  eva lua te  t h e  e f f e c t  on load capac i ty  when t h i s  improve- 
ment is  not  provided. Since t h e  s h a f t  i s  u s u a l l y  much more f l e x i b l e  than  
t h e  bear ing  support ,  t h e  words s h a f t  s t i f f n e s s  o r  s h a f t  d e f l e c t i o n  a r e  
used he re in  t o  refer  t o  t h e  displacement caused by t h e  d i f f e r e n c e  i n  
alinement of t h e  bea r ing  and t h e  j o u r n a l .  With p e r f e c t  alinement and 
ze ro  c u r v a t u r e  of t h e  j o u r n a l  t h e  minimum f i l m  t h i ckness  i s  l i m i t e d  by  
sur face  roughness.  

) 

% 

Thus, t h e  geometric r e l a t i o n s  of j ou rna l  and bea r ing  i n  f i g u r e s  1 
and 2 i n d i c a t e  that  t h e  load  capac i ty  of a bea r ing  depends on: 
hydrodynamic r e l a t i o n s ,  ( 2 )  s h a f t  s t i f f n e s s ,  (3) bea r ing  length-diameter  
(Z/d) r a t i o ,  and (4) roughness of t h e  bea r ing  su r faces .  For an i d e a l l y  
r i g i d  s h a f t  and i d e a l l y  smooth b e a r i n g  sur faces ,  t h e  load  capac i ty  of a 
bear ing  i s  i n f i n i t e .  The load  capac i ty  i s  reduced t o  some f i n i t e  value 
i f  the  m e t a l l i c  contac t  of t h e  su r face  a s p e r i t i e s  due t o  su r face  rough- 
nes s  breaks through t h e  o i l  f i l m  t o  produce h igh  f r i c t i o n  and a p roh ib i -  
t i v e  temperature r i se .  If t h e  s h a f t  has  r e l a t i v e l y  g r e a t  f l e x i b i l i t y ,  
me ta l l i c  contac t  a t  a l o c a l  po in t  l i m i t s  t h e  1oa.d capac i ty ,  and su r face  
roughness has  a l e s s e r  l i m i t i n g  in f luence .  For a f lex ib le  s h a f t ,  t h e  
bear ing  length-diameter  r a t i o  a l s o  has  an  important e f f e c t ,  s i n c e  long 
bear ings are less ab le  t o  accommodate a s lop ing  s h a f t .  As  a bea r ing  be- 
comes s h o r t e r ,  t h e  e f f e c t  of s h a f t  d e f l e c t i o n  wi th in  t h e  bea r ing  l eng th  
i s  reduced, and a higher  mean e c c e n t r i c i t y  i s  g ivenj  b u t  a t  t h e  same t i m e  
a shor t e r  l eng th  reduces load  capac i ty  hydrodynamically. 

(1) 

In  t h i s  r e p o r t  t h e  load  capac i ty  of a bea r ing  wi th  f l e x i b l e  s h a f t  * 
i s  evaluated mathematically by us ing  t h e  c r i t e r i o n  of f i rs t  l o c a l  m e t a l l i c  
con tac t .  Char t s  usable i n  design,  which i n  dimensionless  form show load  

I 
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capac i ty  as a f u n c t i o n  of length-diameter r a t i o  wi th  c e r t a i n  s h a f t  s t i f f -  
ness  f a c t o r s  as parameters ,  are presented. A method of determining the 
optimum t /d  
on s h a f t  d e f l e c t i o n  and bea r ing  sur face  roughness, i s  given. 

r a t i o  of a bea r ing  f o r  maximum l o a d  capac i ty ,  based b o t h  

The hydrodynamic r e l a t i o n s  on which the fo l lowing  a n a l y s i s  depends 

The r e l a t i o n s  concerned w i t h  shaft 
are those  given by t h e  shor t -bear ing  approximation ( ref .  1) and those  
determined experimental ly  (ref. 2). 
d e f l e c t i o n  are those  f o r  a simply supported beam and a c a n t i l e v e r  beam 
and inc lude  t h e  e f f e c t  of elastic curvature  on c e n t e r  bea r ings  and t h e  
e f f e c t  of e l a s t i c  s lope  on end bear ings .  

Ana ly t i ca l  c a l c u l a t i o n s  of bea r ing  load  capac i ty  based on s h a f t  de- 
f l e c t i o n  are compared wi th  t h e  capac i t i e s  ob ta ined  experimental ly  by t h e  
B a t t e l l e  Memorial I n s t i t u t e  and are shown t o  be of equal  o rde r  of magni- 
tude .  
ence of b e a r i n g  load  capac i ty  on t / d  r a t i o .  Curves obta ined  a n a l y t i -  
c a l l y  are s i m i l a r  i n  form and show an optimum 

Experimental  curves  presented  by Fa lz  and by Deck show t h e  depend- 

2/d. 

This i n v e s t i g a t i o n  w a s  conducted b y  the bea r ing  r e s e a r c h  group i n  
t h e  Department of Machine Design, Sibley School of Mechanical Engineering, 
Cornel1 Un ive r s i ty ,  I t haca ,  New York, under t h e  sponsorship and wi th  t h e  
f i n a n c i a l  a i d  of  t h e  Nat iona l  Advisory Committee for Aeronautics.  

SYMBOLS 

d e f l e c t i o n - e c c e n t r i c i t y  r a t i o  , k6/e 

d i s t a n c e  between c e n t e r  bear ing  and end bear ing ,  i n .  
,- n 

l o a d  nurriber f o r  2/d l e s s  than  1.0, - 

d iame t ra l  bea r ing  c learance ,  i n .  - 

' c learance r a t i o  

r a d i a l  bea r ing  c learance ,  cd/2, i n .  

b e a r i n g  diameter,  i n .  

modulus of e l a s t i c i t y ,  p s i  

mean e c c e n t r i c i t y  o r  mean hydrodynmic displacement,  i n .  

?nd minimum f i l m  t h i ckness ,  i n .  
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mean minimum f i l m  t h i ckness ,  i n .  

moment of i n e r t i a  of c r o s s  s e c t i o n  of beam, i n .  

beam s t i f f n e s s  parameter 

c o e f f i c i e n t  denot ing  f r a c t i o n  Of 6 

beam leng th ,  i n .  

b e a r i n g  l eng th ,  i n .  

l e n g t h  of con tac t  at end of run - in  bear ing ,  i n .  

b e a r i n g  length-diameter  r a t i o  

j o u r n a l  speed, r p s  

e c c e n t r i c i t y  r a . t i o  , e/cr 

t o t a l  b e a r i n g  load,  l b  

u n i t  bea r ing  load  on p r o j e c t e d  area, p s i  

load-spacing - beam-length r a t i o ,  a/L, b/L 

beam-length - bea r ing - l eng th  r a t i o  , L/Z 

4 

Sommerfeld number, y (&)2 

l o a d  number f o r  2/d g r e a t e r  t han  1.0 

coord ina tes  of beam elast ic  curve,  i n .  

s lope  of e l a s t i c  curve a t  end of beam, r a d i a n  

r a t i o  of e r r o r  i n  hE t o  radial c learance  c r  

d e f l e c t i o n  of j ou rna l  w i th in  bea r ing  l eng th ,  i n .  

cen t  i p o i s e s  

6 .  9x106 
f l u i d  v i s c o s i t y ,  , reyns  

4 

mean a t t i t u d e  angle  between load  l i n e  and l i n e  of cen te r s ,  deg 

a t t i t u d e  angle  a t  end of bear ing ,  deg 
L 
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When t h e  e f f e c t  of e l a s t i c  bending of t h e  s h a f t  on bear ing  load  
capac i ty  i s  analyzed, t h e  f a c t  should be recognized t h a t ,  even if t h e  
jou rna l  remairis e s s e n t i a l l y  p a r a l l e l  t o  t h e  bea r ing  as i n  f i g u r e  l (b) ,  
t h e  e l a s t i c  curva ture  wi th in  t h e  length of t h e  bear ing  i s  appreciable .  
The l o c a l  minimum f i l m  t h i ckness  hE a t  t h e  end of t h e  bear ing  is  con- 
s ide rab ly  l e s s  than  hin, which represents  t h e  i d e a l i z e d  minimum f i l m  
t h i ckness  of a t h e o r e t i c a l l y  s t r a i g h t  j ou rna l  p a r a l l e l  t o  i t s  bear ing .  

Figure l (b ) ,  which shows t h e  e l a s t i c  curve of a c e n t e r  bear ing,  il- 
lustrates t h a t  t h e  jou rna l  has a d i f f e ren t  e c c e n t r i c i t y  a t  each p o i n t  
a long i t s  length.  It should be recognized that t h e  c e n t e r  of t he  s h a f t  
at t h e  c e n t r a l  t r ansve r se  plane of the  bear ing  w i l l  not necessa r i ly  be 
a t  t h e  i d e a l i z e d  hydrodynamic displacement bin. Thus, t h e  d i f f e rence  
between hE and hmin depends On: (1) t h e  e f f e c t  of t h e  e l a s t i c  cur -  
va tu re  on t h e  i d e a l i z e d  hydrodynamic displacement, and (2) t h e  shape of 
t h e  e l a s t i c  curve. 
curva ture ,  mathematically the d i f fe rence  between hin and hE can be  
expressed by a quan t i ty  k t imes t h e  e l a s t i c  d e f l e c t i o n  6 wi th in  t h e  
bea r ing  length :  

Since both  (1) and (2) are r e l a t e d  t o  t h e  e l a s t i c  

bin - h3 = k6 

I n  t h i s  form t h e  value of k remains t o  be determined, bu t  it is  
evident  t h a t  a r e a l  value of k e x i s t s  f o r  any p a r t i c u l a r  bending con- 
f i g u r a t i o n  and ope ra t ing  condi t ion.  Experimental measurement of f i l m  
t h i ckness  at any po in t  wi th in  t h e  bear ing l e n g t h  i s  d i f f i c u l t ;  and ana- 
l y t i c a l  methods become involved with a two-dimensional s o l u t i o n  of 
Reynolds' equat ion,  i n  which t h e  pressure d i s t r i b u t i o n  a f f e c t s  t h e  shape 
of t h e  e l a s t i c  curve. 

With t h e  concept of a mean e c c e n t r i c i t y  e r ep resen ted  by t h e  
s t r a i g h t  l i n e  i n  f i g u r e  l (b) ,  it seems reasonable  t o  assume t h a t  t he  d i f -  
fe rence  between hE 
e l a s t i c  curve or t h a t  k < 1. 
i n g  t h i s  assumption. 

and t h e  mean l i n e  is  less than  t h e  he ight  of t h e  
However, equat ion  (la) holds  v i thou t  m a k -  

Since exac t  eva lua t ion  of k f o r  a p a r t i c u l a r  conf igura t ion  i s  d i f -  
f i c u l t ,  an approximation of t h e  value of k seems des i r ab le .  Perhaps 
t h e  s imples t  approximation f o r  a center  bea r ing  ( f i g .  l ( b ) )  i s  t o  assume 
a uniformly d i s t r i b u t e d  load on t h e  beam; t h i s  gives  an e l a s t i c  curve i n  
t h e  form of a feu-rth-degree parabola ,  f o r  which t h e  a r i t hme t i c  mean occurs 

a t  - 6 .  Thus, t h e  center  of the e l a s t i c  curve is  - 6 away from the  4 1 
5 5 
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mean l i n e ,  and t h c  d i f fe re i ice  betweeil hmin and % i s  0.8 6 ,  which 
g i v e s  an approximate va lue  of k = 0.8 f o r  a c e n t e r  bear ing .  This ap- 
proximation was found t o  be of va lue  i n  reducing t h e  spread  of expe r i -  
mental  measurements of e c c e n t r i c i t y  i n  previous i n v e s t i g a t i o n s  
( refs .  1 and 2 ) .  

Figures l ( c )  and 2 show the  e l a s t i c  s lope  o r  tilt of t h e  jou rna l  
axis i n  a bea r jng  at t h e  end of a s h a f t .  
as p a r t  of a beam, r e p r e s e n t s  a po in t  where t h e  bending moment i s  ze ro  

The end of a shaf't, considered 

? I  ro 
4 

and t h e  e l a s t i c  s lope  i s  l a rge .  Experiments on misa l ined  bea r ings  (ref. 
3) have shown t h a t ,  t o  a f i r s t  approximation, t h e  e c c e n t r i c i t y  e a t  CQ 

t h e  c e n t r a l  t r ansve r se  p lane  of t h e  bea r ing  under a cons tan t  l oad  re- 
mains e s s e n t i a l l y  fixed as the j o u r n a l  i s  misa l ined  by a couple t h a t  i n -  
c l i n e s  the  jou rna l  axis. I n  e f f e c t ,  t h e  c e n t r a l  p o i n t  a c t s  l i k e  a p i v o t  
p o i n t .  Thus, t h e  hydrodynamic load  on a misal ined o r  i n c l i n e d  j o u r n a l  
may be approximated t o  be t h e  same as t h e  load  on a t h e o r e t i c a l l y  
s t r a i g h t  and p a r a l l e l  s h a f t  pas s ing  through the p ivo t  po in t .  This con- 
cep t  enables t h e  e c c e n t r i c i t y  of t h e  c e n t e r  of  an i n c l i n e d  j o u r n a l  t o  be 
es t imated  from hydrodynamic data f o r  a s t r a i g h t  and p a r a l l e l  s h a f t .  I n  
f i g u r e  1 ( c ) ,  t h e  bending moment i s  small and t h e  j o u r n a l  i s  e s s e n t i a l l y  
s t r a i g h t ,  b u t  inc l ined .  Thus, t h e  d e f l e c t i o n  6, from t h e  p ivo t  p o i n t  
may be est imated as t h e  s lope  times 2/2, where 2 / 2  i s  t h e  h a l f - l e n g t h  
of t h e  bearing. Thus,  f o r  an end bea r ing  t h e  value of k i s  one t o  a 
f i r s t  approximation. 

I 

Thus, t h e  value of k m a y  be determined t o  vary ing  degrees  of ap- 
proximation. 
between hmin and hE i s  k6, where k i s  an a r b i t r a r y  c o e f f i c i e n t .  
Solv ing  for hE g ives  

However, i n  genera l ,  from equat ion  ( l a ) ,  t h e  d i f f e r e n c e  

Equation ( l b )  i s  r e a l i s t i c  only when t h e  a t t i t u d e  angle  cp shown 

depends a l so  on a . t t i t u d e  angle  as w e l l  as on t h e  
i n  f i g u r e  2 i s  equal  t o  zero.  However, when cp i s  o t h e r  t h a n  zero,  t h e  
determinat ion of  hE 
v a r i a b l e s  of equat ion  ( lb) .  A s  shown by the  t r i a n g l e s  appearing i n  t h e  
c learance  c i r c l e  of f i g u r e  2, an approximate express ion  involv ing  a t t i -  
tude  angle is:  

hmin - hE = k6 cos cp 
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A t  cond t i o n s  near  metallic contact ,  t he  a t t i t u d e  angle  i s  small 
and t h e  cos ine  of t h e  angle i s  near  unity. 
could  be used; b u t  when 
t h e  heavi ly  loaded region,  equat ion  (2)  becomes 

Conservat ively,  cos  cp = 1.0 
rp = 20' i s  assumed t o  be an average va lue  i n  

Appendix A g ives  an  a n a l y s i s  of  the errors involved i n  t h e  approxi-  
mations of equat ions  ( 2 )  and (3) t o  show t h a t  t h e  approximations are 
reasonable.  

Mean Minimum Film Thickness 

I n  o rde r  t o  use equat ion  ( 3 ) ,  it is necessary t o  eva lua te  hin 
and 6. The mean minimum f i l m  thickness  hmin involves  t h e  hydrodynamic 
v a r i a b l e s  inc luding  load  and may be evaluated from hydrodynamic theory.  
According t o  the shor t -bear ing  approximation {ref. 11, t h e  mean eccen- 
t r i c i t y  
4 i n  which e c c e n t r i c i t y  r a t i o  n = e/cr 
varizbles zppearing i n  t h e  load  number. 
t h i s  curve i s  rear ranged  so t h a t  t h e  minimum f i l m  t h i ckness  
than  t h e  d i ame t ra l  c learance  
as a func t ion  of e c c e n t r i c i t y  r a t i o :  

e under hydrodynamic condi t ions i s  given by  t h e  curve of f i g u r e  
i s  p l o t t e d  aga ins t  t h e  bea r ing  
I n  r e fe rence  4, t h e  equat ion  of  

hmin r a t h e r  
Cd i s  included i n  t h e  bea r ing  v a r i a b l e s  

where p i s  t h e  f i l m  v i s c o s i t y ,  N i s  j ou rna l  speed i n  rps ,  2 i s  b e a r -  
i n g  length ,  and p i s  t h e  u n i t  l oad  determined from t h e  load  P d iv ided  
by 2d. Rearranging equat ion  (4) gives 

( fo r  b /d  5 1.0) (5) 

Experiment ( ref .  2 )  has shown tha t  t h e  shor t -bear ing  approximation 
i s  reasonable  f o r  s h o r t  bea r ings  with length-diameter  i > a t i o s  equal  t o  o r  
less  than  1.0. Also, i n  re ference  2, experiment shows t h a t  t h e  s h o r t -  
bea r ing  s o l u t i o n  approximates t h e  behavior of longer  bear ings  if  a modi- 
f i c a t i o n  i n  t h e  Z/d term i s  made. In t h e  form of equat ion  (51, t h e  

as fo l lows:  
9 mean minimum-film-thickness func t ion  f o r  bear ings  of 2/d > 1.0 i s  given 
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-~ Numerical e v a l u s t l o n  of t h e  func t ion  f ( n )  i n  equat ion  (4) shows 
t h a t  f o r  values of 
t o  0.785. 
e c c e n t r i c i t y  r a t i o  i n  excess  of 
not  be g r e a t .  
corresponding va lue  of 
approximately 10 percent .  Since t h e  minimum f i l m  t h i ckness  hmin de- 
pends on t h e  square r o o t  of 

r e s u l t :  4 

n from 0.6 t o  1.0 t h e  f u n c t i o n  changes from 0.640 
By assuming t h a t  most bea r ings  w i l l  be heav i ly  loaded at an 

n = 0.6, t h e  v a r i a t i o n  of f ( n )  w i l l  
By s e l e c t i n g  a mean e c c e n t r i c i t y  r a t i o  of 0.8 and t h e  

f ( n )  = 0.718, t h e  m a x i m u m  v a r i a t i o n  i n  f ( n )  i s  

f ( n )  o r  0.848, t h e  m a x i m u m  v a r i a t i o n  i n  
hmin i s  of t h e  order  of 5 pe rcen t .  The fo l lowing  s i m p l i f i e d  express ions  T 

c\) 

m 

- =  0.848 E ( fo r  2/d 5 1.0) ( 7 4  2 

- -  
2/d 

- 0.848 J %in  
2 (for. Z/d 2 1.0) 

To i n v e s t i g a t e  f u r t h e r  t h e  e r r o r  of assuming a cons tan t  f ( n )  = 0.718 
f o r  heavi ly  loaded bear ings ,  equat ion  (7a) may be rear ranged  t o  g ive  t h e  
equat ion of e c c e n t r i c i t y  r a t i o  
be p l o t t e d  i n  f i g u r e  4. 
t i o n  (7a) , t h e  fol lowing equat ion  r e s u l t s :  

n as a func t ion  of l o a d  number and may 
hin = (cd/2)(1 - n) i n  equa- BY s u b s t i t u t i n g  

P l o t t i n g  t h i s  equa.tion on t h e  coord ina tes  of f i g u r e  4 i n d i c a t e s  t h a t  
t h e  curve i s  almost i nd i s t ingu i shab le  from t h e  exac t  curve given by the 
shor t -bear ing  approximation i n  t h e  range of n 2 - 0.6. 

By using t h e  s impl i f i ed  equat ions  (7) and s u b s t i t u t i n g  them i n  equa- 
t i o n  (3), t h e  equat ions  f o r  determining t h e  minimum end c learance  
appear as fol lows:  

hE 

k6 - 0.94 - 2 
hE - = 0.848 2 ( fo r  l /d 5 1.0) 

k6 - 0.848 - 0.94 - 1 2 
- -  hE 

( f o r  2/d 2 1.0) 

If the v i s c o s i t y ,  j o u r n a l  speed, load,  and b e a r i n g  l e n g t h  and diam- 
eter  a r e  known and t h e  d e f l e c t i o n  6 with in  t h e  l e n g t h  of t h e  bear ing  
i s  ca lcu lab le ,  t h e  dimension of t h e  t h i n n e s t  p o i n t  i n  t h e  f i l m  may be 
determined from equat ions  (9) .  To T a c i l i t a t e  t h e  c a l c u l a t i o n s ,  t hese  
equat ions a r e  p l o t t e d  i n  f i g u r e  5 and a r e  i n  a form usable  i n  design. 
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a 

I '  

I n  t h e  foregoing, t h e  hydrodynamic p a r t  of the a n a l y s i s  i s  based on 

However, experimental  measurements of e c c e n t r i c i t y  (ref. 
For 

t h e  numerical va lues  obtained from t h e  equations of  t h e  shor t -bear ing  
approximation. 
2) d i f f e r  somewhat from t h e  a n a l y t i c a l  values as shown i n  f i g u r e  4. 
example, f o r  a load  number of 75, t h e  a n a l y t i c a l  va lue  of n i s  0.80 
and t h e  experimental  value i s  0.92. The f i l m  t h i ckness  i s  p ropor t iona l  
t o  (1 - n),  which i s  0.20 corresponding t o  n s 0.80, and 0.08 co r re -  
sponding t o  n = 0.92. This i l l u s t r a t e s  t h e  g r e a t e r  s e n s i t i v i t y  obtained 
by  using f i l m  th ickness  as t h e  va r i ab le ,  s ince  the d i f f e rence  i s  appar- 
e n t l y  increased.  Therefore,  it would be conserva t ive  t o  base the bea r ing  
load  capac i ty  on t h e  experimental  curve of f i g u r e  4 s ince  the load  ca-  
p a c i t y  is  l e s s .  A curve drawn through p a r t  of the experimental  data i n  
f i g u r e  4 i s  obtained by using an average value of f ( n )  E: 0.30 i n s t e a d  
of 0.718 and approximates t h e  curve of experimental  d a t a  i n  the  range of 
n = 0.6 t o  0.85. I n  the  range higher  than n = 0.85, a value of f ( n )  
l e s s  t han  0.30 would be des i r ab le  t o  approximate t h e  experimental  d a t a  
b e t t e r .  Based on f ( n )  = 0.30, t h e  equations comparable t o  equat ions 
(9)  a r e :  

k6 - -  hE - 0.546 @ - 0.94 - 
2 2 

k6 
2 2 
- -  hE - 0.546 ,p - 0.94 - 

( f o r  Z/d 1.0) (loa) 

I n  f i g u r e  5 axe shown the curves f o r  p r e d i c t i n g  hE from equat ions 
(10) f o r  comparison w i t h  those  from equations (9). 
end minimum f i l m  th icknesses  a r e  smaller where t h e  experimental  hydro- 
dynamic c h a r a c t e r i s t i c s  a r e  used. 

As may be seen, t he  

M a x i m u m  Load Capacity 

A convenient and obvious des ign  c r i t e r i o n  i s  that t h e  load  capac i ty  
i s  zero and t h e  bear ing  sur faces  a r e  of a bea r ing  i s  a m a x i m u m  when 

i n  con tac t  a t  a po in t .  When t h e  f i l m  th ickness  at t h e  end of the bea r ing  
i s  zero,  t h e  mean e c c e n t r i c i t y  general ly  w i l l  be  g r e a t e r  t han  0.6 f o r  
reasonable  s t i f f n e s s e s  of s h a f t ,  Therefore, when hE equals  zero,  equa- 
t i o n s  (9)  reduce t o  t h e  fol lowing expressions: 

hE 

2 - P = 0.81 (A) 
OJ 

2 
pN (I>" 2 = 0.81 (&) 

{for  2/d 5 1.0) 

b 
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Thus, f i g u r e  6 shows t b ,  t ,.he maximum load  capac i ty  depends on t h e  
square of t h e  d e f l e c t i o n  
as the s t i f f n e s s  of t h e  s h a f t  i s  increased.  
an  i n f i n i t e  load  capac i ty  f o r  an  i d e a l l y  r i g i d  s h a f t  where 

6; t h i s  i n d i c a t e s  a r a p i d  r i se  i n  load  capac i ty  
Also, equat ions  (11) show 

6 is  zero.  

The corresponding equat ions  where t h e  experimental  hydrodynamic d a t a  
are used a r e  t h e  same as equat ions  (11) except t h a t  t h e  c o e f f i c i e n t  i s  
0.34 ins t ead  of 0.81. Therefore,  t h e  load  capac i ty  based  on experimental  
hydrodynamic d a t a  i s  approximately 40 percent  of tbe capac i ty  based on 
t h e  shor t -bear ing  s o l u t i o n .  Figure 6 shows t h e  comparison of l oad  ca- 
p a c i t i e s  of t h e  two cases .  

Evalua t ion  of Def lec t ion  6 

Ei ther  of t h e  two curves of f i g u r e  6 i s  a simple b a s i c  curve giv.ng 
t h e  m a x i m u m  load  capac i ty  of a bea r ing  wi th  a f l e x i b l e  s h a f t .  
it i s  assumed t h a t  t h e  d e f l e c t i o n  6 wi th in  t h e  l e n g t h  of  t h e  bea r ing  
can be computed by a n a l y t i c a l  or graph ica l  means. This i n  many ins t ances  
may be a complicated b u t  p o s s i b l e  process ,  s i n c e  t h e  theory  of beam de- 
f l e c t i o n  i s  we l l  developed. The major complica.tion i s  tha . t ,  i f  t h e  m a -  
i m u m  load of  t h e  bea r ing  i s  t o  be determined, it i s  necessary t o  know t h e  
l o a d  t o  determine t h e  d e f l e c t i o n  6, so  t h a t  a t r i a l  and e r r o r  s o l u t i o n  
may be necessary.  However, f o r  c e r t a i n  elementary cases  of beam loadings,  
c a l c u l a t i o n s  of 6 a r e  r e a d i l y  made by mathematical means as i l l u s t r a t e d  
i n  t h e  fo l lowing  paragraphs.  

However, 

Two types  of beams are considered: (1) a simply supported beam wi th  
o f f cen te r  o r  unsymmetrical l oad  as shown i n  f i g u r e  7,  and ( 2 )  a c a n t i -  
lever beam as shown i n  f i g u r e  8. The bear ings  shown a r e  of two c l a s ses :  
end bear ings where 6 depends on t h e  s lope  of t h e  ends of t h e  beam, and 
c e n t r a l  bear ings  where 6 i s  dependent on t h e  l o c a l  curva ture  of t h e  
b e n t  beam and t o  some e x t e n t  on t h e  s lope  of t h e  e l a s t i c  curve. O f  t h e  
two c l a s ses  of bear ings ,  t h e  end bea r ing  i s  s u b j e c t  t o  a g r e a t e r  6 and 
w i l l  have t h e  lower load  capac i ty .  For t h e  end bea r ings ,  t h e  c a l c u l a t i o n  
of  6 depends only on t h e  s lope  B of t h e  beam t imes  t h e  h a l f - l e n g t h  
2/2 of the bea r ing .  

Def l ec t ion  of End Bearings 

For t h e  simply supported beam of f i g u r e  7, t h e  l e f t  end bear ing  has  
t h e  g rea t e r  s lope  p,, s i nce  it i s  n e a r e s t  t h e  app l i ed  load  P. From 
d e f l e c t i o n  formulas,  
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The u n i t  p re s su re  loading  on t h e  l e f t  end bea r ing  may be expressed 
i n  terms of t h e  app l i ed  c e n t r a l  l oad  P as fol lows:  

b P  p = - -  
L 2d 

By s u b s t i t u t i n g  t h i s  express ion  i n  equat ion (12)  and l e t t i n g  
4 

I = fid /64, r = L/2, and 
obtained: 

R = b/L, t h e  following express ion  f o r  p, i s  

The d e f l e c t i o n  6 may be obta ined  from: 

6 = p, 212 

A s  shown i n  subsequent paragraphs,  t h e  q u a n t i t i e s  i n  t h e  b racke t s  of 
equat ion  (15) appear r e g u l a r l y  f o r  many cases  of beam loading so t h a t  
i s  t h e  d i s t i n g u i s h i n g  quan t i ty  f o r  t h e  de f l ec t ion  of t h e  many cases.  

K 

By s u b s t i t u t i n g  equat ion  (15) f o r  5 i n  equat ions  (11) f o r  load  
capac i ty ,  t h e  fo l lowing  equat ions a r e  obtained wi th  k = 1.0 f o r  end 
bea r ings  : 

where 

( f o r  2/d -I 1.0) 

( f o r  Z/d 2 1.0) - 

K = 1.33 r L  3 (1 - R2) = 1.33 (ir [l - ($1 
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Equations (16) show that  t h e  u n i t  l o a d  capac i ty  of an end b e a r i n g  
i s  grea t ly  inyluenced by 2/d r a t i o .  As  shown i n  t h e  curves of equa- 
t i o n s  (16) p l o t t e d  i n  f i g u r e  9 ( a ) ,  t h e  u n i t  l o a d  capac i ty  i n c r e a s e s  by 
decreasing 2/d f o r  a given value of  t h e  s t i f f n e s s  parameter K. How- 
ever ,  t h i s  is somewhat misleading if a reduct ion  of 
creasing t h e  bear ing  l e n g t h  
i n  K j  a l though f o r  a given design t h e  inf luence  of K would be less 
t h a n  t h a t  of 2/d. If a reduct ion  i n  2/d i s  made by i n c r e a s i n g  t h e  
diameter 
d i c t e d  according t o  the curves of f i g u r e  9 {a). 

l 

2/d i s  made by de- 
2 ,  s ince  t h e  bear ing  l e n g t h  i s  a l s o  included 

d, K i s  unaf fec ted  and t h e  increase  i n  l o a d  capac i ty  i s  pre-  

Figure 9(b)  i s  similar t o  9(a)  except t h a t  t h e  numerical va lues  are 
based on t h e  hydrodynamic data determined experimental ly ,  so t h a t  t h e  
c o e f f i c i e n t  i n  equat ions (16) i s  0.46 I n s t e a d  of 0.71; t h i s  gives  more 
conservat ive va lues  of load  capac i ty .  

The b e a r i n g  of t h e  c a n t i l e v e r  beam shown i n  f i g u r e  8 i s  a l s o  an end 
bear ing.  Since t h e  beam i s  d i f f e r e n t  from t h e  simply supported beam of 
f i g u r e  7,  t h e  r e s u l t a n t  formula f o r  6 i s  a l s o  d i f f e r e n t .  However, 
equations (16) and t h e  curves of f i g u r e  9 also apply t o  t h i s  b e a r i n g  i f  

l e v e r  beam is  shown i n  appendix B. , 
- 1  K = 4r2 i s  used. The determinat ion of 6 f o r  t h e  bear ing  of t h e  c a n t i -  I 

T o t a l  Load Capacity of an End Bearing 

The t o t a l  l o a d  P t h a t  w i l l  j u s t  cause m e t a l l i c  contac t  t o  t a k e  
p lace  is  r e a d i l y  determined by mul t ip ly ing  t h e  u n i t  bear ing  pressure  
as determined i n  equat ions  (16) by t h e  p r o j e c t e d  b e a r i n g  a r e a  
s u b s t i t u t i n g  p = P/2d 
K 
bear ing  of  t h e  simply supported beam of f i g u r e  7: 

p 
Zd. By 

i n  equat ions (16) and us ing  t h e  expression f o r  
i n  equation (17), t h e  fol lowing equat ions a r e  der ived  f o r  t h e  end 

I n  dimensionless form, equat ions (18) give t h e  t o t a l  load  capaci ty  
of an end b e a r i n g  as a f u n c t i o n  of The dependence of load  capac i ty  
on 2/d i s  shown i n  t h e  family of curves  i n  f i g u r e  l O ( a )  . The parameter 
R i nd ica t e s  the inf luence  of t h e  l o c a t i o n  along t h e  beam of t h e  appl ied  
load; f o r  a c e n t r a l l y  p laced  load, R 

Z/d. 

i s  equal  t o  0.5. 
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The v a r i a t i o n  of t he  t o t a l  load  capacity of an end bea r ing  with 
change i n  bear ing  l eng th  is  r e a d i l y  determined from f i g u r e  l O ( a ) j  t h a t  
i s ,  if a l l  t h e  bear ing  v a r i a b l e s  a r e  held cons tan t  except 2, t h e  curves 
a r e  a g raph ica l  r ep resen ta t ion  of t h e  v a r i a t i o n  of bea r ing  capac i ty  with 
l eng th  alone. 
l eng th  i s  equal  t o  i t s  diameter. As the  l eng th  becomes l a r g e r  t han  t h e  
diameter,  t h e  capac i ty  decreases  because t h e  increased  e f f e c t  of j ou rna l  
d e f l e c t i o n  does not permit t he  bea r ing  t o  run at a h igher  mean eccen- 
t r i c i t y .  
a t e s  a t  a higher  mean e c c e n t r i c i t y ;  bu t  t h e  decrease  of p ro jec t ed  area 
of t h e  bea r ing  lowers t h e  t o t a l  capaci ty .  

The m a x i m u m  load  capaci ty  i s  obta ined  when t h e  bea r ing  

A s  t h e  l eng th  becomes l e s s  than the  diameter,  t h e  bear ing  oper- 

Figure l O ( a )  a lso gives  t h e  curve f o r  t h e  t o t a l  load  capac i ty  of an 
end bea r ing  of t h e  c a n t i l e v e r  beam of f igu re  8. Equations f o r  t h i s  bea r -  
i ng  a r e  similar t o  equat ions (18), since they a r e  a l s o  der ived  from equa- 
t i o n s  (16), except t h a t  K = 4r2 .  The dependence on 7,/d of t h i s  bear -  
i ng  i s  somewhat d i f f e r e n t  as shown b y  the equat ions  i n  appendix C. 

A companion s e t  of curves g iv ing  numerical va lues  of t o t a l  load  ca- 
p a c i t y  based on t h e  experimental  hydrodynamic d a t a  wi th  
a r e  shown i n  f i g u r e  10(b) .  Equations (18) apply except t h a t  t h e  c o e f f i -  
c i e n t  i s  0.49% i n s t e a d  of 0.658 for en? bear ings  of t h e  simply supported 
beam. 

f ( n )  = 0.30 

Although equat ions  (18) and f igu re  10 i n d i c a t e  t h a t  h ighes t  load 
capac i ty  i s  obtained a t  l /d = 1.0, t h i s  i s  t r u e  only i f  l/d depends 
on a change i n  length .  If the  diameter d is  changed ins t ead ,  then the  
e f f e c t  on load capac i ty  i s  not obvious from t h e  curves.  However, it i s  
p o s s i b l e  t o  rear range  equat ions (18) so t h a t  2 i n s t e a d  of d appears 
i n  t h e  l e f t  term. 

The curves of equat ions (19) a re  shown i n  f i g u r e s  l l ( a )  and l l ( b )  , 
t h e  former s e t  of curves depending on the  a n a l y t i c a l  hydrodynamic d a t a  
and t h e  l a t t e r  on t h e  experimental  data. 
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I f  all Fear ing  parzmetcrs  o the r  t han  diameter are kept  cons t an t ,  
t h e  t o t a l  l oad  capac i ty  inc reases  r a t h e r  shasply as t h e  diameter i s  in -  
creased, as may be seen  from t h e  curves of f i g u r e  11. A s  2/d i s  made 
t o  approach zero by inc reas ing  t h e  diameter,  t h e  load  capac i ty  approaches 
an i n f i n i t e  value because t h e  s h a f t  s t i f f n e s s  i s  increased  g r e a t l y  by 
diameter i nc rease  t o  permit  t h e  bea r ing  t o  ope ra t e  a t  a h igher  mean 
e c c e n t r i c i t y  be fo re  m e t a l l i c  con tac t  t a k e s  p lace .  

The equat ions  t h a t  apply t o  t h e  end bea r ing  of t h e  c a n t i l e v e r  beam 
are shown i n  appendix C .  

Uni t  Load Capacity of a Cen t ra l  Bearing 

If  t h e  inboard b e a r i n g  of t h e  simply supported beam of f i g u r e  7 i s  
considered, t h e  c a l c u l a t i o n  of 6 i s  most e a s i l y  made when t h e  bea r ing  
i s  loca ted  a t  t h e  cen te r  of t h e  beam. The d e f l e c t i o n  of t h e  beam a t  i t s  
c e n t e r  i s  and co inc ides  wi th  t h e  t r ansve r se  c e n t r a l  p lane  of' t h e  
bear ing .  Def lec t ion  formulas,  as shown i n  appendix D, may be used t o  
determine t h e  beam d e f l e c t i o n  ym, and a l s o  t h e  d e f l e c t i o n  yE at t h e  
end of t he  bear ing.  A s  shown i n  f i g u r e  l ( c ) ,  t h e  d e f l e c t i o n  6 wi th in  
t h e  ha l f - l eng th  of t h e  bea r ing  i s  t h e  d i f f e rence  of t h e  two beam 
de f l ec t ions :  

ym, 

As shown i n  appendix D, t h e  r e s u l t a n t  equat ion  f o r  6 i s  expressed 
as follows : 

When t h i s  express ion  i s  s u b s t i t u t e d  i n  equat ions  (11) and k = 0.8 
i s  used, t h e  equat ions obta ined  a r e  t h e  same as equat ions  (16)  except  
t h a t  t he  s t i f f n e s s  f a c t o r  i s  
K includes k i n  t h i s  case.  Thus, t h e  u n i t  l oad  capac i ty  curves of 
f i g u r e  9 may be used gene ra l ly  f o r  b o t h  end bea r ings  and c e n t r a l  bea r ings  
except  t h a t  t h e  proper 
u re s .  A comparison of K va lues  shows t h a t  t h e  u n i t  l oad  capac i ty  of a 
c e n t r a l  bear ing  i s  g r e a t e r  t han  an end bea r ing  i f  a l l  v a r i a b l e s  except 
K a.re assumed cons tan t  i n  equat ions  (16) .  

K = 0.133 (3r - 1). It i s  observed t h a t  

K va lues  must be used as i n d i c a t e d  i n  t h e  f i g -  

- P c e n t r a l  - 
'end 
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For a simply supported beam wi th  the c e n t r a l  bea r ing  loca ted  at t h e  
beam cen te r ,  t h e  r a t i o  of t h e  u n i t  load c a p a c i t i e s  of  t h e  two bea r ings  i s  

P c e n t r a l  

pend 
(23) 

If f o r  i l l u s t r a t i o n  t h e  l eng th  of t h e  beam L i s  assumed f ive  times 
g r e a t e r  than t h e  bea r ing  l eng th  2, then 

= 5.65 Pc e n t  r a1 
pend 

The r a t i o  of l oad  c a p a c i t i e s  i s  s e n s i t i v e  t o  
c a t e s  and thus  decreases  as t h e  end and cen te r  bea r ings  are brought  t o -  
ge ther  by diecreasing the beam leng th  
t h e  o t h e r  hand, r ap id ly  increases  t h e  r a t i o  of l oad  c a p a c i t i e s .  

L/2 as equat ion  (23)  i n d i -  

L. Inc reas ing  t h e  beam length ,  on 

If t h e  inboard bea r ing  i s  o f f s e t  from t h e  c e n t e r  of t h e  beam, t h e  
de te rmina t ion  of the e f f e c t  of shaft de f l ec t ion  i s  somewhat more compli- 
c a t e d  because t h e  s lope  of t h e  e l a s t i c  curve becomes gr'eatei- zs t h e  hn-r- U L  WI 

i n g  is l oca t ed  toward t h e  end of t h e  beam. However, t h e  load  capac i ty  of 
t h e  o f f s e t  bea r ing  w i l l  f a l l  somewhere between the c a p a c i t i e s  of an enu 
bea r ing  and a c e n t r a l  bear ing.  

T o t a l  Load Capacity of a Cen t ra l  Bearing 

The t o t a l  l oad  P of a c e n t r a l  bear ing may be determined from equa- 
t i o n s  (16) by s u b s t i t u t i n g  p = P/2d and K = 0.133 (3L/2 - l). The 
quan t i ty  (~L/z - 1) i s  c lose ly  approximated by the si_mpler express ion  
3L/2 f o r  values of L g r e a t e r  t han  2 by 3 or more. Thus, t h e  fol low- 
i n g  equat ions  are obtained:  

( f o r  2/d 5 1.0) (24a) P 2/3 1 1.46 
(PNE 2 1 1/3 6) (3) = (2/d)1/3 - 

( f o r  2/d 21.0) (24b) P 2 / 3  1.46 
(PNE 2 ) 1/3 (2 )  (i) = (2dJ - 

Equations (24) are p l o t t e d  i n  f igu re  1 2  t o  show t h e  t o t a l  l oad  ea-  
p a c i t y  of a c e n t r a l  bea r ing  as t h e  
i n  t h e  bea r ing  l eng th  2. 

l /d r a t i o  i s  v a r i e d  by a change only 
As t h e  bear ing l eng th  approaches zero,  t h e  
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l o a d  capacitj: approaches an i n f i n i t e  value,  because t h e  e f f e c t  of t h e  
curvature  of the d e f l e c t e d  beam becomes small t o  permit  t h e  bea r ing  t o  
operate  a t  an inc reas ing ly  l a r g e r  mean e c c e n t r i c i t y .  
capaci ty  of an extremely s h o r t  bea r ing  u l t ima te ly  w i l l  be l i m i t e d  by t h e  
bear ing  su r face  roughness r a t h e r  t han  by the  d e f l e c t i o n  of t h e  shaft .  

However, t h e  load  

Figure 12 a l s o  shows t h e  lower load  capac i ty  of t h e  bea r ing  when 
t h e  experimental  hydrodynamic data of f i g u r e  4 are used r a t h e r  t h a n  t h e  
a n a l y t i c a l  data where t h e  c o e f f i c i e n t s  i n  equat ions  (24) are 1.10 in -  

M s t e a d  of 1.46. 

Equations (24) may be rear ranged  
load  capaci ty  wi th  l /d  where change 
s o l e  inf luence .  

I 
I\) 
4 
(5, 

t o  show t h e  v a r i a t i o n  of t o t a l  
i n  the bea r ing  diameter d i s  t h e  

( f o r  2/d 5 1.0) (25a) 

( f o r  2/d 2 1.0) (25b) 

These e q u a t i o n s ' a r e  p l o t t e d  i n  f i g u r e  13. The inf luence  of l / d  
on load  capac i ty  where diameter i s  changed i s  much g r e a t e r  t han  where 
l e n g t h  is changed, as may be  seen b y  comparing t h e  curves of f i g u r e  13 
and f igu re  12. Reducing 2/d by inc reas ing  t h e  diameter resu l t s  i n  a 
r a p i d  increase  i n  beam s t i f f n e s s  so as t o  make t h e  load  capac i ty  of t h e  
beam approach an i n f i n i t e  va lue  as l/d approaches zero .  However, bo th  
f i g u r e s  1 2  and 13 show t h e  same load  capac i ty  f o r  2/d F 1.0. 

Load Capacity of Run-in Bearings 

With a c a r e f u l  run- in ,  bear ings  made of conformable m a t e r i a l s  may 
change shape under t h e  loading  of  a hard jou rna l  on a f lex ib le  sha f t .  
As  shown i n  f i g u r e  3, t h e  ends of t h e  bea r ing  may be deformed by p res su re  
and rubbing such t h a t  t h e  minimum end f i l m  t h i ckness  

form over t h e  d i s t ance  2 '  a t  t h e  bea r ing  ends. Two d i s t t n c t  reg ions  
of load-carrying f i l m  e x i s t  under t h e s e  condi t ions :  
and t h e  undeformed reg ion .  
i n  process,  t h e  t h i n  f i l m  i n  t h e  deformed reg ion  undoubtedly suppor ts  
part  of the  bear ing  load,  a l though t h e  magnitude of t h i s  p a r t  i s  not  
known. Est imat ing i t s  magnitude i s  complicated b y  t h e  l a c k  of informa- 
t i o n  on the  v a r i a t i o n  of t h e  f i l m  th ickness ,  which may be f o r  e i t h e r  a 
f i t t e d  or an i r r e g u l a r  wedge. 
a wedge even i n  t h e  neighborhood of c l o s e s t  approach. 

hE i s  near ly  uni-  

t h e  deformed reg ion  
After s t a b i l i z a t i o n  i s  reached i n  t h e  running- 

I n  t h e  undeformed reg ion  t h e  f i l m  remains - 
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A mathematical determinat ion of  t h e  load-carrying capac i ty  of a run-  
i n  bea r ing  is  d i f f i c u l t  i f  bo th  r eg ions  of suppor t ing  f i l m  are considered. 
However, i f  it is  conserva t ive ly  assumed t h a t  t h e  end reg ions  do not  con- 
t r i b u t e  t o  load  support  and t h a t  the f i l m  i n  t h e  undeformed r eg ion  sup- 
p o r t s  t h e  f u l l  load, t hen  q u a n t i t a t i v e  eva lua t ion  may be made. 
formation increases  and 2 '  increases ,  the e f f e c t i v e  l eng th  of t h e  bear- 
ing  i s  reducedj  b u t  because of t h e  end deformation t h e  bea r ing  ope ra t e s  
a t  a h igher  mean e c c e n t r i c i t y  and possibly a t  a h igher  l oad  capac i ty .  

As  de- 

For a c e n t r a l  bea r ing  t h e  reduct ion  i n  e f f e c t i v e  l eng th  may r e s u l t  
i n  an increased  load  capac i ty  as shown i n  f i g u r e  12 ,  where load  capac i ty  
inc reases  as 2/d becomes l e s s .  The load capac i ty  may be even g r e a t e r  
than  shown i n  f i g u r e  1 2  because of t h e  add i t iona l  support  of t h e  deformed 
reg ion .  
r ise t h a t  may be  temporary if  end deformation permi ts  t h e  bea r ing  t o  
ope ra t e  at a h igher  mean e c c e n t r i c i t y  and load  capac i ty  after t h e  condi- 
t i o n s  s t a b i l i z e .  An end bear ing,  however, may show a decreased load  ea- 
p a c i t y  on running-in,  as shown i n  f igu re  l O ( a ) ,  i f  t h e  e f f e c t i v e  
r a t i o  of  the bea r ing  i s  reduced t o  below 1. Presumably t h e  f r i c t i o n  and 
temperature  r ise  i n  an end bea r ing  would be g r e a t e r  than  f o r  a c e n t r a l  
bea r ing  and may not  s t a b i l i z e  because ~f the decreas ing  load  capac i ty  
shown i n  f i g u r e  lO(a ) .  However, t h e  degree t o  which t h e  l o a d  support  
from t h e  deformed end would a l l e v i a t e  t h e  teiiipei"atGre r ise  is  not  known. 

Running-in i s  normally manifest  i n  a f r i c t i o n  and temperature 

Z/d 

If i n  a given design it i s  known tha t  a r e l a t i v e l y  h igh  s h a f t  f l e x i -  
b i l i t y  under load  would resu l t  i n  a deformed bear ing ,  it would be advis-  
able r a t h e r  t o  scrape  t h e  su r face  t o  a bellmouth p r o f i l e  conforming t o  
t h e  bent  shape of t h e  jou rna l .  A c i rcumferent ia l  wedge then  would r e s u l t  
f o r  the f u l l  bea r ing  l eng th  t o  g ive  increased load  capacit j ; .  

Sur fa.c e Ro ughne s s 

C e r t a i n  of the curves,  such as those of f i g u r e s  11, 12,  and 13, show 

of t h e  bear ing  approaches zero .  
t h a t  t h e  load  capac i ty  of a bear ing  approaches an i n f i n i t e  va lue  as t h e  
2/d These curves i n d i c a t e  t h a t ,  as a 
bea r ing  becomes very s h o r t ,  t h e  e f f e c t  of' s h a f t  f l e x i b i l i t y  becomes of 
smaller importance and permits  t h e  bear ing t o  ope ra t e  a t  a high mean ec-  
c e n t r i c i t y .  Howevsr, i f  m e t a l l i c  contacl is t h e  c r i t e r i o n  of l i m i t i n g  
t h e  load  capac i ty ,  roughness of t h e  beLaring sur face  becomes important.  

F r i c t i o n  r i se  due t o  m e t a l l i c  contact  begins  where t h e  h ighes t  as- 
p e r i t i e s  of t h e  two su r races  f irst  make contac t .  A s  shown i n  re ference  
4, an apprec iab le  load-car ry ing  f i l m  e x i s t s  a l though f a i l u r e  may be i m m i -  
nent  because of t h e  f r i c t i o n  r i s e .  A t  t he  cond i t ion  of f i rs t  sur face  con- 
t a c t ,  t h e  minimum Film th ickness  hin 
t h e  "predominant peak roughnesses" of the two sur faces .  

may be eva lua ted  a s  t h e  sum of 

Tarasov (ref.  5) 
4 
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has shown t h a t  "predomfnent peak roughness," which i s  a measure of t r u e  
sur face  roughness, may be  determined from prof i lometer  measurements times 
a f a c t o r  t h a t  depends on t h e  method of f i n i s h i n g  t h e  sur face .  
4 presents  experimental  data t h a t  show t h a t  f o r  s h o r t  bear ings  t h e  load  
capaci ty  may be p r e d i c t e d  reasonably w e l l  from equat ion  (7a) on t h e  as- 
sumption t h a t  
metal contac t .  

Reference 

hin is  known from t h e  su r face  roughnesses a t  i n i t i a l  

Rearranging equat ion  (7a) g ives  

P - -  
PN - 

Equat j.on (26) 
t h e  f i lm  th i ckness  

g ives  u n i t  l oad  capac i ty  as a func t ion  of 2/d and 
r a t i o  hmin/d, i n  which hin is  assumed t o  be known 

from the  su r face  roughness. The t o t a l  l oad  czpac i ty  may be determined 
by s u b s t i t u t i n g  p = P/2d. 

( f o r  l / d s  1.0) 

Equation (27) , shown p l o t t e d  i n  f i g u r e  14 ,  i s  i n  a form t h a t  shows 
t h e  e f f e c t  on t o t a l  l oad  capac i ty  of varying t h e  l / d  r a t i o  by vary ing  
only the bea r ing  length .  The load capac i ty  r ises  r a p i d l y  wi th  inc rease  
i n  length  and a l s o  r i s e s  r a p i d l y  as t h e  su r faces  more near ly  approach 
t h e  idea l ly  smooth condi t ion  and permit ope ra t ion  on a t h i n  f i l m  at i m -  
pending contac t  of t h e  su r face  a s p e r i t i e s .  

As d i scussed  i n  t h e  fo l lowing  s e c t i o n  of t h i s  r e p o r t ,  a number of 
experimenters have sought t o  determine t h e  i d e a l  l / d  r a t i o  of a heavi ly  
loaded bea r ing  and have shown it t o  be i n  t h e  r eg ion  of t h e  s h o r t  bea r ing  
wi th  l /d  equal  t o  o r  l e s s  t han  1.0. By superimposing t h e  t o t a l  l oad  
capaci ty  curve based on su r face  roughness on t h e  curve based on s h a f t  
f l e x i b i l i t y ,  an optimum 2/d 
two curves. If i n  a given design s i t u a t i o n  of a c e n t r a l  bea r ing  a l l  t h e  
v a r i a b l e s  a r e  h e l d  cons tan t  except t h e  bea r ing  length ,  t h e  load  capac i ty  
P would vary wi th  l eng th  2 as shown by  t h e  i n t e r s e c t i n g  curves of f i g -  
u re  15 (a ) .  The l e f t  curve would be from f i g u r e  14 f o r  a given su r face  
roughness, and t h e  r i g h t  curve Thiould be for a given conciition of s h a f t  
bending. The optimum leng th  of t h e  bea r ing  f o r  m a x i m u m  load  capac i ty  i s  
g iven  by t h e  i n t e r s e c t i o n  of t h e  two curves.  - 

r a t i o  i s  given by  t h e  i n t e r s e c t i o n  of t h e  
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Optimum l/d 

Recognizing t h a t  s h a f t  f l e x i b i l i t y  inf luences the load  capac i ty  of 
bear ings ,  i n v e s t i g a t o r s  such as Fa lz  ( r e f .  6 )  and Deck ( r e f .  7)  have ex- 
per imenta l ly  determined l /d r a t i o s  giving m a x i m u m  load  capac i ty .  Fa lz  
recommends va lues  of 
values from 0.5 t o  1.0. I n  t h e  fol lowing paragraphs an i l l u s t r a t i v e  ex- 
ample i s  presented  and analyzed by us ing  the  equat ions  of t h i s  r e p o r t  t o  
support  t h e  f ind ings  of t hese  inves t iga tors .  The c r i t e r i a  used i n  t h e  
example include t h e  inf luence  of su r face  roughness as w e l l  as s h a f t  
d e f l e c t i o n .  

l / d  between 0.3 and 0.8, and Deck recommends 

As shown i n  f i g u r e  15(a), th is  i l lus t ra t ive  example i s  a symmetri- 
c a l l y  loaded, simple beam cons i s t ing  of a 1.0-inch-diameter s t e e l  s h a f t  
w i th  a beam leng th  L of 3 inches between centers of t he  end bear ings .  
For t h e  s h a f t  l e n g t h  chosen, space l i m i t a t i o n s  al low a m a x i m u m  Z/d of 
approximately 1.5. A s h a f t  speea of 6,000 rpm (100 rps) and a low v i s -  
c o s i t y  of 1x10-6 reyn a r e  assumed. 

For t h e  c e n t r a l  bea r ing  shown i n  figure E(a), t h e  dashed curve a t  
I 

I 
t h e  r i g h t  g ives  u n i t  l oad  capac i ty  Tor various 

p a c i t y  P i s  f i r s t  determined from t h e  upper curve of f i g u r e  1 2  f o r  
va r ious  2/d and i s  then  reduced t o  uni t  l oad  capac i ty  from p = P/Zd. 

l/d based on t h e  c r i t e -  
I r i o n  t h a t  hE i s  ze ro  because of beam de f l ec t ion .  The t o t a l  l oad  ea- 

The dashed curves  a t  t h e  l e f t  of f igu re  15(a) are based on t h e  c r i -  
t e r i o n  t h a t  sur face  roughness l i m i t s  the  load  capac i ty  according t o  equa- 
t i o n  (26).  Curves a r e  shown f o r  t h r e e  minimum f i l m  th icknesses :  
hmin = 0.000050, 0.000025, and 0.0000125 inch. 
inches r e p r e s e n t s  a minimum f i l m  th ickness  f o r  touching su r face  a s p e r i t i e s  
when e i c h  sur face  has  a measured roughness: OF 5 mizr=irches roo t  mean 
square.  By t h e  u s e  of Tarasov ' s  f a c t o r  of approximately 5 f o r  ground 
su r faces ,  t h e  t r u e  roughness of' each surface i s  approximately 25 micro- 
inches,  g iv ing  a t o t a l  of 50 microinches for hmin when a s p e r i t i e s  a r e  
a t  i n i t i a l  contact .  

The va lue  of 50 micro- 

A s  shown i n  f i g u r e  15(a),  t h e  optimum l / d  i s  at t h e  i n t e r s e c t i o n  
of t h e  dashed curves based on the two separa te  c r i t e r i a .  It may be seen 
t h a t  t h e  optimum for a given design depends on t h e  sur face  f i n i s h .  
For t h e  roughest su r f aces  i n  f i g u r e  15(a), t h e  optimum l /d  
m a t e l y  0.5, and f o r  t h e  smoothest sur faces  approximately 0.25. These 
va lues  agree i n  range wi th  those  obtained by Fa lz  and Deck. 

l / d  
i s  approxi- 

The curve of u n i t  1oa.d capac i ty  based on beam d e f l e c t i o n  i n  f i g u r e  
i s  15 (a )  i s  for the condi t ion  where t h e  end minimum f i l m  th i ckness  hE 

zero .  However, s i n c e  t h e  sur faces  a re  of some roughness, t h e  f i r s t  
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meta l l i c  con tac t  of t h e  su r faces  a t  t h e  ends of  t h e  bea r ing  is  a t  t h e  
a s p e r i t i e s  of t h e  su r faces ,  so t h a t  some end f i l m  t h i ckness  hE o the r  
t han  zero  exists.  When t h e  smoothest of t h e  s u r f a c e s  of t h e  example i s  
considered, hE i s  0.0000125 inch  a t  f i rs t  m e t a l l i c  con tac t .  For t h i s  
value of  
genera l  express ion  of equat ion  (sa). 

hEJ t h e  u n i t  load capac i ty  may be determined from t h e  more 

k6 - -  E - 0.94 - 
2 

hE - 0.848 
1 

( f o r  l / d  5 1.0) 

For the c e n t r a l  bea r ing  of f i g u r e  15(a), k = 0.8 and 6 i s  g iven  by 
equat ion ( 2 1 ) .  By s u b s t i t u t i n g  t h e  known v a r i a b l e s  of t h e  i l l u s t r a t i v e  
example i n  equat ion  (28) and assuming t h a t  
t i o n  ( 2 1 ) ,  t h e  fo l lowing  equat ion  relates u n i t  l oad  capac i ty  t o  bea r ing  
length: 

3r - 1 = 3r = 3L/2 i n  equa- 

12.5~lO-~ = 0.848xL0-z 2 - 0.0478x10-6 p 1 3  (29) 
T b  

The curve from equat ion  (29) i s  p l o t t e d  as a s o l i d  l i n e  i n  f i g u r e  15(a) 
and shows t h e  r educ t ion  i n  u n i t  load  capac i ty  due t o  the  assumption of a 
va lue  of hE g r e a t e r  t h a n  zero.  The curve a l s o  shows t h a t  t h e  optimum 
2/d i s  s l i g h t l y  reduced. It should be noted t h a t  t h e  curve from equa- 
t i o n  (29) becomes tangent  t o  the  curve f o r  su r face  roughness from equa- 
t i o n  (26) .  S o l i d - l i n e  curves a r e  a l so  shown f o r  t h e  o the r  su r face  rough- 
nesses  and show t h e  marked r educ t ion  i n  load  capac i ty  as t h e  su r faces  be-  
come rougher; a l s o  shown i s  t h e  inc rease  i n  optimum l /d .  

Although t h e  c r i t e r i o n  that  load  capac i ty  i s  l i m i t e d  by i n i t i a l  con- 
t a c t  o f  su r face  a s p e r i t i e s  a t  t h e  bea r ing  edge is  conserva.t ive,  i n  an 
a c t u a l  bea r ing  t h i s  l i m i t  i s  not  necessa r i ly  i n d i c a t i v e  of impending 
f a i l u r e .  With conformable materials, the su r face  roughness at t h e  end 
of t h e  bea r ing  i s  r e l a t i v e l y  e a s i l y  worn-in such t h a t  hE may approach 
va lues  c l o s e  t o  zero.  I n  t h i s  case,  t h e  u n i t  l oad  capac i ty  curve would 
b e  somewhere between t h e  s o l i d  curve and the h igher  dashed curve.  

Figure 15(b) shows t h e  curves from an a n a l y s i s  of  t h e  end bear ings  
of t h e  i l l u s t r a t i v e  example. The curves shown a r e  s i m i l a r  i n  form t o  
those  i n  f i g u r e  l5(a)  f o r  t h e  center  bear ing.  However, the dashed curve 
f o r  hE = 0 i s  obta ined  from f i g u r e  10(a). The s o l i d  curves  a r e  d e t e r -  

mined from t h e  gene ra l  equat ion  (28)  wi th  6 evalua ted  from equat ion 
(15) f o r  an end bear ing .  Comparing t h e  curves f o r  t h e  end bear ings  wi th  
those  for t he  cen te r  bea r ing  shows t h a t  the  load  c a p a c i t i e s  a r e  smal le r  
and t h a t  t h e  optimum l /d  i n d i c a t e s  use of a s h o r t e r  bear ing .  This i s  
r e a l i s t i c  s ince  t h e  slope of t h e  e l a s t i c  curve i s  g r e a t e r  for. t he  end 
bear ings than  f o r  t h e  cen te r  bear ing.  
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EXPERIMENTAL DATA 

B a t t e l l e  Memorial Tes t s  

I n  experiments t o  determine t h e  mechanism of hydrodynamic f a i lu re  
i n  j o u r n a l b e a r i n g s ,  Dayton, Allen,  Davis, and Aus t in  of B a t t e l l e  Memo- 
r i a l  I n s t i t u t e  (ref.  8) r e p o r t  u n i t  load c a p a c i t i e s  of heavi ly  loaded 
bea r ings  i n  excess  of 10,000 p s i  before  f a i l u r e  by se izure .  Tests of 
bea r ings  of va r ious  materials, p r i n c i p a l l y  copper, babbit, and copper- 
lead,  were made wi th  t h e  simply supported beam shown i n  f i g u r e  16. The 
t e s t  bea r ing  w a s  a c e n t r a l  bea r ing  on a s h o r t  s h a f t  supported at t h e  
ends i n  r o l l e r  bear ings.  Load was  appl ied  through a b a l l  a t  t h e  t o p  of 
t h e  c e n t r a l  bea r ing  t o  in su re  alinement of loading.  
were 1 . 2 5  inch  i n  diameter and 1.0 inch long wi th  a diametral c learance  
of 0.002 inch. 
pounds p e r  square inch gage. 
Shaf t  speed w a s  6,000 rpm. 

The tes t  bea r ings  

SAF, 10 o i l  p rehea ted  t o  200' F w a s  p re s su re  fed at 40 
The bear ings were a l s o  preheated t o  200' F. 

I n  t h e  tests t h e  load  was appl ied slowly i n  increments of 500 p s i .  
With each  load  increase ,  t h e  temperature rose  s l i g h t l y .  However, each 
succeeding inc rease  w a s  made af ter  the temperature  reached equi l ibr ium 
i n  about 3 minutes. By us ing  t h i s  ca re fu l  low-ra te  loading procedure,  
h igh  l o a d  ca .pac i t ies  were achieved with an average temperature r ise of 
approximately 20' F. 
s e i z u r e  f o r  va r ious  bear ing  materials: 

The fo l lowing  values of u n i t  l oad  were a t t a i n e d  at 

Copper Above 10,000 p s i  
Copper-lead 7,500 t o  8,000 p s i  
Babbitt Above 10,000 p s i  

A s  t h e  Bat te l le  experimenters point  ou t ,  a l l  the bea r ing  materials, 
even those  usua l ly  regarded as poor, exh ib i t ed  a high load capac i ty  when 
t e s t e d  under c a r e f u l  condi t ions .  

Ca lcu la t ions  of t h e  load  capaci ty  of t h e  t es t  bea r ings  from t h e  
equat ions  of t h i s  r e p o r t  show a high load  capac i ty ,  a l though t h e  magnitude 
i s  somewhat l e s s  than  those  obtained i n  t h e  tes ts .  With an 2/d of 0.8 
f o r  t h e  t e s t  bear ings ,  t h e  upper curve of f i g u r e  1 2  g ives  t h e  fo l lowing  
equat ion  f o r  determining t h e  load  capaci ty  a t  t h e  condi t ion  f o r  impending 
m e t a l l i c  con tac t  of t h e  c e n t r a l  bear ing:  

P 2 / 3  1 2 
113 (k) (a> = 1'56 

. 
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A t  5,800 rpm 
Test  Calc.  

For t h e  B a t t e l l e  t e s t s  t h e  fo l lowing  q u a n t i t i e s  a r e  assumed: 
d = 1 . 2 5  inch,  L/d = 2.0,  N = 100 r p s ,  and E = 3OXlO6  p s i  f o r  s tee l .  
Although t h e  exact  va lue  f o r  v i s c o s i t y  i s  not known, t h e  cha r t  va lue  f o r  
SAE 10 o i l  a t  220° F i s  approximately 5 cen t ipo i ses  o r  0.7x10-6 reyn.  
Subs t i t u t ing  t h e s e  q u a n t i t i e s  i n  equat ion  (30) g ives  t h e  fol lowing va lues  
of load capac i ty  : 

A t  3,600 rpm A t  2,200 rpm 
Test  Calc. Test  Calc.  

P = 6,100 l b  
p = 4,900 p s i  

( t o t a l  load)  
( u n i t  load)  Y 

N 
4 a By assuming t h a t  t h e  lower curve of f i g u r e  1 2  should be used f o r  a 

conservat ive estimate of l oad  capac i ty ,  then  P = 4,600 pounds and 
p = 3,700 p s i .  

5,400 
6,800 
7,400 
5,000 

The c a l c u l a t e d  load  c a p a c i t i e s  a r e  between a h a l f  and a t h i r d  of 
t h e  capac i t i e s  ob ta ined  i n  t h e  t e s t s .  However, t h e  slow r a t e  of loading  
i n  t h e  t e s t s  i n d i c a t e s  t h a t  run- - in  w a s  an  important f a c t o r .  According 
t o  t h e  curves of f i g u r e  12 ,  t o  achieve a load  capac i ty  of two t o  t h r e e  
t imes  the c a l c u l a t e d  va lues  j u s t  g iven,  t h e  bear ings  might have been de- 
formed 90 percent  of t h e  l eng th  o r  more i n  t h e  running- in  procedure.  

4,800 - - - - -  4,100 ----- 3 , 500 
4,800 - - - - -  4,100 - - - - -  3,500 
4,800 4,400 4,100 2,600 3,500 
4,800 4,000 4,100 3,300 3,500 

In subsequent t es t s  a t  B a t t e l l e  Memorial I n s t i t u t e  by  Dayton, Allen,  
Fawcett ,  and Miller ( re f .  9), s e i z u r e  t e s t s  were made while  measuring 
minimum f i l m  th i ckness  bj t h e  d i e l e c t r i c  breakdown method. The same 
t e s t i n g  machine was used for. tes ts  a t  speeds of 5,800, 3,600, and 2,200 
rpm. Load c a p a c i t i e s  a t  s e i z u r e  were somewhat lower than  i n  t h e  previous 
t e s t s ,  but t h e  ma te r i a l s  t e s t e d  were d i f f e r e n t .  
shows a comparison of t h e  c a l c u l a t e d  load  c a p a c i t i e s  from t h e  upper curve 
of f i g u r e  1 2  and t h e  experimental  ones f o r  t h e  t h r e e  speeds.  Since i n  
a l l  t e s t s  t h e  bea r ings  and t h e  SAE 10 o i l  were prehea ted  t o  200' F, t h e  
va lue  of p = 0 . 7 X 1 0 - 6  reyn i s  used f o r  t h e  c a l c u l a t e d  load  c a p a c i t i e s .  

The fo l lowing  t a b l e  

Mater ia l  

25 Aluminum 

Bronze 
T i n  -b as e b abb it 

72-25-3 Alloy 

Unit  load capac i ty ,  p, p s i  I 

I I I I I 
I 1 

-I2 I I 1 

The t z b l e  i n d i c a t e s  t h a t  t h e  o rde r  of magnitude of bea r ing  capac i ty  
i s  reasonably we l l  p red ic t ed  from t h e  equat ions of t h i s  r e p o r t  and t h a t  
f a i l u r e s  of t h e  bezr ings  i n  t h e  t e s t s  may have been caused p r i n c i p n l l y  by 
j o u r n a l  deformation. 



Data by Falz 

. 

F a l z ' s  r e p o r t  (ref.  6)  concerns the des ign  of s h o r t  j o u r n a l  bear- 
ings ,  and from experimental  f i n d i n g s  he recommends that t h e  
should be between 0.3 and 0.8 f o r  best load-car ry ing  capac i ty  t o  take 
i n t o  eccount t h e  e f f e c t  of beam de f l ec t ion .  I n  h i s  r e p o r t ,  t h e  curves  
given h e r e i n  as f i g u r e  1 7  a r e  presented t o  show t h e  effect  of Z/d on 
load  capac i ty .  Experimental  po in t s  m e  shown, a l though detai ls  of t h e  
experiment a r e  not  given. As shown i n  f i g u r e  17 ,  t h e  u n i t  l oad  capac i ty  
p r i s e s  r a p i d l y  as the bea r ing  i s  made shorter t o  a lower l i m i t  of  l / d  
approximately equal  t o  0.2 .  As t h e  bear ing 2/d approaches t h e  very 
small values near  zero,  t h e  load  capaci ty  then  decreases  t o  zero at a 
r a p i d  r a t e .  

l /d  r a t i o  

The Falz  curve of u n i t  l oad  capaci ty  mey be compared with t h e  
a n a l y t i c a l l y  determined curves of t h e  i l l u s t r a t i v e  example ( f i g .  15). 
The a n a l y t i c a l  curves  are similar i n  form and show that t h e  optimum 
value  of  l / d  i s  i n  t h e  range of t h e  s h o r t  bea r ing  having low 2/d 
values. The a n a l y t i c a l  curves show the s t e e p  g r a d i e n t s  on e i t h e r  s i d e  
of t he  optimum l / d  as shown i n  t h e  experimental  curve.  However, the 
g r a d i e n t s  are less  s t e e p  as 

roughness a t  t h e  bea r ing  end. It i s  poss ib le  t h a t  i n  t h e  Fa lz  expe r i -  
ments su r face  roughness at t h e  bearing ends w a s  a r e l a t i v e l y  minor f a c -  
t o r ,  because wearing-in a t  t h e  bear ing ends may have caused a r educ t ion  
of hE t o  near  zero.  If so, t h e  grad ien ts  of t h e  experimental  curve 
would be those  approaching t h e  dashed l i n e s  of f i g u r e  15. The expe r i -  
menta.1 and a n a l y t i c a l  curves  are not compared f o r  q u a n t i t a t i v e  va lues ,  
s i n c e  t h e  condi t ions  of speed, v i scos i ty ,  and beam conf igura t ion  of t h e  
experiments are not  known. 

hE becomes g r e a t e r ,  because of su r face  

F igure  1 7  g ives  t h e  Falz  experimental  curve o f  t o t a l  l oad  capac i ty  
I?, which depends on bo th  t h e  u n i t  losd cap,?cit.y p and l/d.  A s  shopm, 
t h e  optimum 
than  t h e  va lue  based on u n i t  load. In any given design,  t he  recommended 
Z/d 

l / d  based on t o t a l  l o a d  i s  approximately 0.5 and i s  g r e a t e r  

would be t h a t  f o r  t o t a l  load r a the r  than  u n i t  load.  

For comparison with t h e  Falz  experimental  curve f o r  t o t a l  l oad  ca-  
pac i ty ,  t h e  a n a l y t i c a l l y  determined curves of f i g u r e  18(b) give  t h e  il- 
l u s t r e t i v e  example. Comparing t h e  curve f o r  t h e  c e n t e r  bear ing  wi th  
F a l z ' s  experimental  curve shows that t h e  shapes are i n  gene ra l  similar 
and t h a t  by coincidence t h e  optimum 
bo th  be ing  approximately 0.5.  However, t h e  shape of t h e  a n a l y t i c a l  curve 
f o r  t h e  end bea r ings  i n  f i g u r e  18(b) i s  somewhat d i f f e r e n t  from t h e  
cen te r  bear ing.  The optimum l /d  f o r  t h e  end bea r ing  i s  1.0 f o r  t o t a l  
l oad  capac i ty ,  a l though t h e  optimum 
than  0 . 2  as shown i n  f i g u r e  1 5 ( b ) .  
mined from t h e  curves of u n i t  load  capaci ty  i n  f i g u r e  15 f o r  
hE -= 0.0000125 inch. 

l /d  r a t i o s  a r e  near ly  t h e  same, 

l / d  f o r  u n i t  load  capac i ty  i s  l e s s  
The curves i n  f i g u r e  18(b) a r e  d e t e r -  
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Figure 18jb) g ives  a comparison of t h e  order  of magnitude of t h e  
t o t a l  load c a p a c i t i e s  of t h e  cen te r  and end bea r ings  of t h e  i l l u s t r a t i v e  
example. 
bear ing ,  a l though i n  a simple beam t h e  end bea r ings  are r equ i r ed  t o  have 
h a l f  the capac i ty  of t h e  c e n t e r  bear ing .  
i t i e s  of end and c e n t e r  bea r ings  would be less as t h e  beam conf igu ra t ion  
i s  made s t i f f e r  by an  inc rease  i n  bea r ing  diameter o r  by .a shor ten ing  of 
beam length.  

The ca.pacity of t h e  end bea r ing  is  much less  than  t h e  c e n t e r  

The d i f f e r e n c e  i n  t h e  capac- 

M 

Data by Deck 

Figure 18(a) g ives  experimental  d a t a  presented  by Deck (ref.  7 )  of 
t o t a l  load capac i ty  aga ins t  l /d  f o r  aluminum bea r ings .  A comparison 
of these  data wi th  t h e  a n a l y t i c a l  curves  of f i g u r e  18(b) shows t h a t  f o r  
t h e  c e n t r a l b e a . r i n g  t h e  form of t h e  curves  i s  similar i n  some re spec t s .  
The da ta  of t h e  experimental  and a n a l y t i c a l  curves  are not  d i r e c t l y  com- 
parable ,  s ince  t h e  condi t ions  of t h e  experiments are not  known; a l though,  
by coincidence, values of  capac i ty  are of t h e  same order  of magnitude 
f o r  t h e  c e n t r a l  bear ing .  On t h e  basis of the experimental  data, Deck 
recommends t h a t  bea r ings  should have l /d  
end pressure  due t o  bea.m d e f l e c t i o n .  The a n a l y t i c a l  curves  of f i g u r e  
18(b) ind ica t e  t h a t  Deck's lower value would apply t o  c e n t r a l  
bear ings ,  and t h e  upper va lue  to end bearings. 

from 0.5 t o  1.0 t o  minimize 

l /d  

DISCUSSION 

Although bea r ing  des igners  know t h a t  s h a f t  d e f l e c t i o n  and su r face  
i r r e g u l a r i t i e s  reduce bea r ing  load  capac i ty  t o  less  than  t h e  i n f i n i t e  
va lue  predic ted  by hydrodyna.mic theory ,  t hese  l i m i t i n g  variables have 
been considered t o o  complex f o r  mathematical t reatment .  I n  r e fe rence  4, 
t h e  e f f e c t  of bea r ing  su r face  roughness on load  capac i ty  i s  t r e a t e d  ana- 
l y t i c a l l y .  The purpose of t h e  p re sen t  r e p o r t  i s  t o  show t h a t  t h e  s h a f t  
d e f l e c t i o n  problem a l s o  may be  solved a n a l y t i c a l l y  t o  y i e l d  design data 
of a usefu l  order  of magnitude. 

Although o the r  f a c t o r s  such a s  l o c a l  high spots ,  out-of-roundness,  
ou t -of -s t ra ightness ,  g r i t ,  l u b r i c a n t  cor ros ion ,  and co r ros ive  atmospheres 
a l s o  l i m i t  b ea r ing  capac i ty  and l i f e ,  s h a f t  d e f l e c t i o n  and su r face  rough- 
ness  Rppear t o  be of f i r s t - o r d e r  importance i n  l i m i t i n g  t h e  capac i ty  of 
heav i ly  loaded bear ings .  The a n a l y s i s  presented  h e r e i n  i s  an  at tempt  t o  
seek out  t h e  l i m i t s  o f  t h i c k  f i l m  l u b r i c a t i o n  as t h e  r eg ion  of boundary 
l u b r i c a t i o n  i s  approached. High load  c a p a c i t i e s  may b e  achieved by pro-  
moting condi t ions t h a t  permit an  extremely small  f i l m  t h i ckness  t o  e x i s t  
f r e e  of a s p e r i t i e s  causing m e t a l l i c  contac t .  A c a r e f u l  Tunning-in or 
wearing-in may i n  many cases  inc rease  load capac i ty  because t h e  burn ish ing  
a c t i o n  permits a smaller f i l m  t o  e x l s t  without a f r i c t i o n  r i s e  by m e t a l l i c  
con tac t .  
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It should be noted that t h e  bear ing  c learance  i s  not  included i n  
t h e  equat ions  of t h i s  r e p o r t .  Rather,  the load-car ry ing  capac i ty  of t h e  
f i l m  i s  based on minimum f i l m  t h i ckness  bin, as given  by equat ions  (7) 
and (26) .  According t o  assumptions i n  re ference  4, l oad  capac i ty  of the 
f i l m  i s  near ly  independent of c learance  i n  heav i ly  loaded bea r ings  where 
t h e  e c c e n t r i c i t y  r a t i o  exceeds 0.6. 
(4) v a r i e s  only s l i g h t l y  at t h e  high e c c e n t r i c i t y  r a t i o s .  

This is  because f ( n )  i n  equat ion  

Based on t h e  shor t -bear ing  approximation (ref.  l), t h e  average 
va lue  of f ( n )  i s  taken  as 0.718. However, t h e  experimental  data i n  f i g -  
ure  4 show higher e c c e n t r i c i t y  r a t i o s  or smaller f i l m  t h i cknesses  f o r  
t h e  same loading. Thus, a va lue  of f(n) = 0.30 has been used t o  r ep -  
r e s e n t  t h e  experimental  d a t a  f o r  hydrodynamic capac i ty .  A s  shown i n  
f i g u r e s  9 t o  13, bea r ing  load  c a p a c i t i e s  are given f o r  
and 0.30. A des igner  may wish t o  use a va lue  of f ( n )  that  from t h e s e  
or o t h e r  experimental  hydrodynamic d a t a  seems bet ter  to apply.  
sense a des igner  may choose a conservative value of f ( n >  as a f a c t o r  of 
sa fe ty .  Also, a des igner  may eva lua te  load capac i ty  P on t h e  basis of  
f ( n )  of 0.718 o r  0.30 and d iv ide  t h i s  load by a suitable f a c t o r  of s a f e t y  
g r e a t e r  t han  1.0. 

f ( n )  of 0.718 

I n  t h i s  

The B a t t e l l e  Memorial tests indica te  t h a t  by  a c a r e f u l ,  slow run- in  
of a c e n t r a l  bea r ing  h igh  l o a d  capac i t i e s  can be a t t a i n e d .  The capac i ty  
t h a t  can be a t t a i n e d  depends on t h e  bear ing material and t h e  degree t o  
which t h e  material can  be made t o  conform t o  the shape of  the b e n t  j ou r -  
n a l .  
t u r e  r i s e  near  s e i z u r e  of only 20' t o  50' F higher  than  t h e  ZOOo F t o  
which t h e  o i l  and bea r ings  were preheated. This  appears  t o  i n d i c a t e  
t h a t ,  af ter  t h e  t r a n s i e n t  phase when the bea r ing  m a t e r i a l  deforms, t h e  
load  cont inues  t o  be c a r r i e d  hydrodynamically. The assumption t h a t  run-  
i n  reduces t h e  e f f e c t i v e  l eng th  of t h e  bear ing  i s  conservat ive,  s ince  no 
hydrodynamic load  capac i ty  i s  a t t r i b u t e d  t o  t h e  deformed l eng ths  2 '  a t  
t h e  b e a r i n g  ends.  This assumption may be r ea l i s t i c  if  t h e  deformed s u r -  
f a c e s  are considered t o  be f i t t e d  ones where no c i r cumfe ren t i a l  wedge 
a c t i o n  ca.n t ake  p l ace  t o  ca r ry  t h e  1oa.d hydrodynamically. 
ends were deformed completely around the circumference i n  a bellmouth 
form, wedge a c t i o n  i s  poss ib l e  s o  that hydrodynamic support  would be 
r ea . l i zed  a.t t h e  deformed ends and r e s u l t  i n  a higher  load capac i ty .  
sc rap ing  t h e  bea r ing  t o  a bellmouth p r o f i l e  having t h e  shape oI" t h e  bent  
journa l ,  t h e  l o a d  capac i ty  could be increased t o  very h igh  magnitudes. 
Scraping of bea r ings  t o  bellmouth o r  conica l  ends has  been u t i l i z e d  f o r  

It i s  i n t e r e s t i n g  t h a t  t h e  Battelle experimenters r e p o r t  a tempera- 

If t h e  bea r ing  

By 

many yea r s  as a p r a c t i c a l  means 
ings  wi th  d e f l e c t i n g  s h a f t s .  

The curves of  f i g u r e  9 a r e  
u n i t  l o a d  capac i ty  of a. bea r ing  
The curves include all poss ib l e  

of increas ing  t h e  load  capac i ty  of bear- 

the  most genera l  ones f o r  p r e d i c t i n g  t h e  
where s h a f t  f l e x i b i l i t y  i s  a va.r iable .  
cases  of beam loading so long as t h e  
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a.ppropriate value of K i s  used. With experience,  a sui table  iia1Lte of 
K may b e  determined from c a l c u l a t i o n s  and judgment even f o r  complex 
beam loadings.  
l o a d  capac i t i e s  of c e n t r a l  and end bear ings  are most d i r e c t l y  determined 
from the curves of f i g u r e s  10 t o  13. 

For t h e  elementary cases  of beam loading, however, t h e  

CONCLUSIONS 

The fol lowing conclusions may be drawn from the  r e su l t s  of  t h i s  
inves t iga . t ion  of t h e  inf luence  of s h a f t  d e f l e c t  I.-m and su r face  roughness 
on the  load-car ry ing  capac i ty  of f u l l  j ou rna l  bear ings  : 

1. The l i m i t i n g  load  capac i ty  of a jou rna l  bea r ing  i s  p red ic t ab le  
t o  a reasonable order  of magnitude by inc luding  s h a f t  d e f l e c t i o n  o r  s u r -  
f a c e  roughness as t h e  l i m i t i n g  f a c t o r .  

2.  I n  t h e  absence of s e l f - a l i n i n g  c h a r a c t e r i s t i c s ,  t h e  e l a s t i c  cur -  
va tu re  of t he  s h a f t  i s  a major l i m i t i n g  f a c t o i ,  and i t s  e f f e c t  increases  
wi th  bear ing length.  The a n a l y t i c a l  curves  of t h i s  r e p o r t  s u b s t a n t i a t e  
th -  experimental  f i nd ings  of Falz  and Deck t h a t  t h e  optimum length-  
diameter r a t i o  of a bea r ing  i s  i n  t h e  reg ion  from 0.3 t o  1.0 f o r  maximurr! 
load capaci ty .  Each design case,  Aepending on beam conf igu ra t ion  and 
sur face  f i n i s h ,  i s  unique. The optimum length-dizmeter  r a t i o  f o r  a giver, 
conf igura t ion  i s  p r e d i c t a b l e  t o  a reasonable  order  of magnitude. 

3 .  Preforming a c e n t r a l  bea r ing  t o  conf'orm t o  t h e  shkpe of i~ journa l  
de f l ec t ed  by a given load  tends  t o  counterac t  t h e  e f f e c t  of e l a s t i c  de- 
f l e c t i o n :  so tha.t sur face  f i n i s h  beconies the  1imLting f a c t o r .  

4.  For heavy loading,  t h i s  r e p o r t  i n d i c a t e s  a d i s t i n c t i o n  between 
ezd bear ings and c e n t r a l  bear ings  such t h a t  end bea r ings  b e n e f i t  bg sell"- 
d i n i n g  o r  equiva len t  e l a s t i c  mountings, b u t  t h a t  c e n t r a l  bear ings  even 
i f  s e l f - a l i n e d  w i l l  b e n e f i t  b y  performing t o  a bel lmouth shape. The 
curves presented f a c i l i t a t e  e s t ima t ing  t h e  magnitude of t h e  b e n e f i t .  

Corne l l  Univers i ty ,  
I thaca ,  N. Y., August 15, 1957. 
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APPENDIX A 

DETERMINATION OF MINIMJM EXD CLFARANCE 

The geometry of f i g u r e  2 i nd ica t e s  t h a t  t h e  minimum f i l m  t h i ckness  
o r  minimum end c learance  hE may be expressed as fol lows:  

hE = cr - Je2 + kZ6' + 2ek6 cos cp 
;o cc 
N 
I w This  equat ion  may be genera l ized  by l e t t i n g  A equal  t h e  r a t i o  of 

k6 to t h e  e c c e n t r i c i t y  e; t h a t  is ,  A = k6/ej  thus ,  t h e  equat ion becomes 

hE = cr - e J1 + A' + 2A cos cp 

For most bea r ing  opera t ing  s i tua t ions ,  t h e  term A i s  considerably 

d l e s s  t h a n  1. Thus, t h e  quan t i ty  e 4 1  + A2 + 2A cos cp may be c lose ly  

r 
3, 

J 
approximated by t h e  expression e ( 1  + A cos c p ) .  
t h i s  approximation i s  evaluated i n  t h e  fol lowing manner. 
l a t t e r  express ion  i n  equat ion ( A l ) ,  the approximate equat ion  f o r  t h e  
minimum f i l m  t h i ckness  at the end o f  a bear ing  is  found t o  be 

The e r r o r  r e s u l t i n g  from 9 .  
By using t h i s  

The range over which equat ion (A2) y i e l d s  the b e s t  approximation may 
be  determined by computing the r a t i o  of t h e  e r r o r  i n  
c learance  cy: 

hE to the r a d i a l  

A = n ( 1  + A cos c p )  - n d l  + A' + 2A cos cp (A31 

where A i s  t h e  r a t i o  of e r r o r  i n  hE t o  r a d i a l  c learance e,. 

The a . t t i t ude  angle  cp may be ca l cu la t ed  as a 
i t y  r a t i o  n (ref.  l), i n  t h e  following manner: 

I 

func t ion  of e c c e n t r i c -  
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From equat ions (A3) and (M), t h e  v a r i a t i o n  of A as a f u n c t i o n  of 
cp and A may be determined as shown i n  t he  fo l lowing  table: 

1 VALUES OF ERROR RATIO A 

40 
50 
60 

80 
90 

A = 1.0 

0.000 
.005 
.020 
.055 
-075 
.090 
.094 
,083 
.050 . 000 

A = 0.1 

0.000 . 000 . 000 
.001 
.002 
.002 
.002 
.001 
.001 
. 000 

A = 0.01 

0.000 . 000 . 000 . 000 . 000 . 000 
.ooo . 000 . 000 . 000 

This table c l e a r l y  i n d i c a t e s  t h a t  f o r  va lues  of A of 0.1 o r  less  
the e r r o r  r a t i o  i s  q u i t e  n e g l i g i b l e .  As A approaches 1, t h e  e r r o r  
r a t i o  begins t o  be apprec iab le .  
value of A would seldom if  ever  approach 1. For most designs A w i l l  
be less  than  0.1. 

I n  any p r a c t i c a l  bea r ing  design, t h e  

Experiment ( ref .  1) shows t h a t ,  as t h e  e c c e n t r i c i t y  r a t i o  approaches 
un i ty ,  the  a t t i t u d e  angle  approaches 20' r a t h e r  than  0' according t 3  

theory .  This  i n d i c a t e s  tha.t  t h e  term e-,/l + A2 + 2A cos cp might b e t t e r  
be approximated by  
n approaches 1; t h a t  i s ,  

e ( 1  + A cos Z O O ) ,  e s p e c i a l l y  i n  t h e  v i c i n i t y  where 

e 4 1  + A' + 2A cos cp = e ( 1  + A cos 20') (AS) 

With t h i s  l a t t e r  approximation, equat ion (A3) becomzs 

A '  = n ( 1  + A cos 20') - n d l  + A2 + 2A cos cp (A6) 

where A '  
w i th  (1 + A cos 20'). 

i s  t h e  e r r o r  i ncu r red  by approximating dl -t A2 + 2A COS 
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~ p ,  
deg 

From equat ions (A4) and (A6) t h e  following t a b l e  of e r r o r  r a t i o s  i s  

A = 1.0 A = 0.1 A = 0.01 

- 
determined: 

1 0.060 
~ .050 
i .025 

.005 

.042 

.067 

.088 

.082 

.058 
0 

a cc 
C i l  

I w 

VALUES OF ERROR RATIO A' 

0 
10 
20 
30 
40 
50 
60 
7 0  
80 
90 

0.006 
.004 
.om 
.005 
.008 
.014 
.016 
.015 
.009 
0 

0.001 . 000 . 000 
,000 
,001 
.001 
.002 
.001 
.001 . 000 

This t a b l e  shows t h a t  i n  genera l  the  e r r o r s  r e s u l t i n g  from t h e  use 
of (1 + A cos 20') a r e  l a r g e r  than f o r  (1 + A cos c p ) .  
(1 + A cos 20') i s  based on experimental f i nd ings  for the  reg ion  of 

cp < 20' 2nd s ince  t h e  e r r o r s  i n  t h e  region 
s m a l l ,  t h e  use of t h i s  approximation seems j u s t i f i e d .  

However, s ince  

20' < cp < 0' a r e  r e l a t i v e l y  

Thus, s u b s t i t u t i n g  t h e  approximation ind ica t ed  by equat ion (A5) i n -  
t o  equat ion  (M) gives :  

hE = (cy - e)  - 0.94k6 

hE = hin - 0.94k6 (A7 1 
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APPENDIX B 

DEFLECTION OF JOURNAL AT END BEARING OF CANTILFVEB BEAM 

The equat ion  f o r  t h e  s lope  of t h e  d e f l e c t i o n  curve at the end of a 
can t i l eve r  beam as shown i n  f i g u r e  8 i s  known t o  be  

PL2 p = -  2E I 

For t h e  end bea r ing  of' a c a n t i l e v e r  beam P equals  pZd, and f o r  a 

c i r c u l a r  shaft I equals  - fla4 

i n t o  equat ion (Bl) gives  
S u b s t i t u t i n g  t h e  preceding express ions  64  * 

32p 
nE 13 = - (:) r 2  

The d e f l e c t i o n  6 wi th in  t h e  h a l f - l e n g t h  of t h e  bea r ing  may be ob- 
of equat ion  (BZ) by one-half  t h e  l eng th  of t h e  t a i n e d  by mul t ip ly ing  

bear ing .  Therefore,  
p 

where 

K = 4r2  = 4(L/2I2 
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W 
pc cu 

I w 

TOTAL LOAD CAPACITY OF END BEARING OF CANTILFVER BEAM 

The equat ions for  t h e  capaci ty  of t h e  end bea r ing  of a c a n t i l e v e r  
s h a f t  are determined from equations (16)  by s u b s t i t u t i n g  
K = 4r2  = 4(L/1)' from appendix B. 

( f o r  - 2 s 1.0) (~1) 
d 

( f o r  2 1.0) ( C Z )  

Equations (C1) and ( C 2 )  provide a convenient means of determining 
the  v a r i a t i o n  of t h e  t o t a l  load capacity wi th  t h e  l eng th  of t he  bear ing  
as shown by f i g u r e  10(a). These equations may be r e w r i t t e n  i n  t h e  f o l -  
lowing manner t o  determine t h e  v a r i a t i o n  o f  t h e  t o t a l  load capac i ty  wi th  
t h e  diameter of t h e  bear ing  a s  shown i n  f i g u r e  l l (a ) .  

( f o r  2/d 5 1.0) ( C 3 )  

( f o r  2/d 1 1.0) (C4) 

. 
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The equat ion  
concentrated load  

- 
yx - 

APPE2DIX D 

CALCULATION OF 6 FOR CErJTRAL BEARING 

of t h e  e l a s t i c  curve of a simply supported beam w i t h  a 
at i t s  cen te r  as shown by f i g u r e  l ( b )  i s  

px (3L2 - 4x2) 
4 8 E I  

... 
L ( fo r  o I x 5 2) - -  

The maximum d e f l e c t i o n  occurs  at t h e  cen te r  of t h e  beam and i s  de- 

termined by l e t t i n g  x = 4 i n  equat ion  ( D l ) ;  t hus ,  2 

- PL3 
Ym= - 48EI 

The d e f l e c t i o n  from t h e  c e n t e r  of t h e  beam t o  some s t a t i o n  x i s  
ca l cu la t ed  by s u b t r a c t i n g  equa.t ion ( D l )  from equat ion (D2). Therefore,  

- P - 3L2x + 4x3) YL/2 - yx - 48EI (L 

The d e f l e c t i o n  6 from t h e  cen te r  of t h e  bea r ing  t o  t h e  end of t h e  

b e a r i n g  i s  r e a d i l y  found by l e t t i n g  x = - - ' i n  equat ion  ( D 3 ) :  2 

6 = - P12 (3L - 1 )  
9 6 E I  

The lat ter equat ion  may be  expressed more d i r e c t l y  i n  terms of t h e  

Since I = - flD4 and P = pZd, equat ion  (D4) becomes 

b e a r i n g  geometry by l e t t i n g  

l e n g t h  of bear ing.  

r = L/1, t h e  r a t i o  of t h e  s h a f t  span t o  t h e  

6 4  
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IL 1 

(a) Cent ra l ly  loaded s h a f t .  

I - 
L e G e n t r i c i t y ,  e 

( b )  Center bear ing .  

- - - - - C e n t r a l  t r ansve r se  
p lane  

I Pivot  po in t  
Mean e c c e n t r i c i t y ,  e F- & - - 

I 7, 

( c )  End bear ing.  

Figure 1.- Shaft  d e f l e c t i o n  i n  r e l a t i o n  t o  jou rna l  bear ings.  
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(a )  Cent ra l  bear ing.  

I 
I i 

(b )  End bear ing.  

: 
D 

C 
... 

Figure 3.- Ef fec t  of run-in on bear ings of conformable ma te r i a l .  
Bearing ends a r e  deformed t o  shape of bent s h a f t  by c a r e f u l  
run-in.  
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m f p 1.- 
Figure 7.- Unsymmetrical loading condition of simply supported shaft 

showing attitude of deflected shaft t o  end bearings. 

Figure 8.- Cantilever shaft loading condition. 
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(a)  Based on short-bear ing approximation, f ( n )  = 0.718. 
Figure 9.- Unit  load  capac i ty  of  a bearing aga ins t  l /d  a t  impending 

con tac t  o f  sur faces  (hE = 0) due t o  s h a f t  d e f l e c t i o n .  

~~~ 
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10,000 ~ 

Equations for K 
I Right end : 

Leng th-to -diamet er r a t i  0, 2 /d 

(b) Based on experimental hydrodynamic data, f(n) = 0.30. 

Figure 9.- Concluded. 

. 
(5 
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Length-to-diameter r a t i o ,  2/d 

(a)  Based on short-bearing approximation, f ( n )  = 0.718. 

Figure 10.- Total  load capaci ty  of end bearings aga ins t  bear ing length  
a t  impending contact  of surfaces due t o  sha f t  de f l ec t ion .  
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1.2 

1 .o 

.8 

.6 

.4 

.2 

1.U c .U 0 

Length-to-diameter ratio, 2/d 
- 

(b) Based on experimental data, f(n) = 0.30. 

Figure 10.- Concluded. 
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Length-to -diameter ratio, 2 /d 

(a) Based on short-bearing approximation, f(n) = 0.718. 

Figure 11.- Total load capacity of end bearings against bearing diameter 
at impending contact of surfaces due to shaft deflection. 
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(b) Based on experimental data, f (n) = 0.30. 

Figure 11.- Concluded. 
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I w 
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2.4 
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0 1 .o 2.0 
Length-diameter r a t i o ,  2/d 

Figure 12.-  Tota l  load  capac i ty  of c e n t r a l  bear ings  a g a i n s t  bea r ing  
l e n g t h  a t  impending contac t  of surfaces  due t o  s h a f t  d e f l e c t i o n .  
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Figure 13.- To ta l  l oad  capac i ty  of  c e n t r a l  bea r ings  a g a i n s t  bear ing  
diameter a t  impending con tac t  of sur faces  due t o  s h a f t  d e f l e c t i o n .  
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18 

16 

14 

12 

.6 .8 1.0 
Length-diameter r a t i o ,  l / d  

Figure 14.-  Hydrodynamic t o t a l  load capac i ty  a g a i n s t  f i l m  th ickness  
r a t i o  and length-diameter r a t i o  neg lec t ing  d e f l e c t i o n .  
l /d  6 1, 
t a c t  of su r face  a s p e r i t i e s . )  

(For 
hnin Ts s i m  of surface roughnesses a t  impending con- 



50 

14,000 

12,000 

.rl 
m 
PI 
2 10,000' 
h 

?a 
-P 
.rl 

$ 
8,000 

0 

a 
03 
0 
rl 

2 6,000 

4,000 

2,000 

0 1 2 

Length-diameter ratio, l / d  

(a) Central bearing. 

Figure 15.- Unit load capacity of bearing against bearing length for a 
given design situation. 
impending contact of surfaces due to both shaft deflection and sur- 
face roughness. 

Curves are analytically determined for c 

(Compare with experimental curve of figure 17.) 
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Figure 18.- Tota l  load capac i ty  of bear ings  a g a i n s t  2/d. 
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